Retrograde labeling of the bladder was performed as described (Christianson et al., 2006 ) . Briefly, mice were anesthetized by inhaled isoflurane. A laparotomy was made to expose the pelvic viscera. Using a Hamilton microsyringe (33 gauge needle), a single 5-µl injection of Alexa Fluor 488-conjugated CTB (Invitrogen, 2 mg/ml in PBS) was made beneath the serosal layer in the urinary bladder body. Injection sites were swabbed to remove any excess of tracer, and the wounds were sutured shut. Animals were allowed to survive 3 days before sacrifice and dissection of L6-S1 DRGs. Quantitative analysis of expression was done from at least three different animals.
For retrograde labeling of the muscle, mice were anesthetized by inhaled isoflurane.
The lower limb muscles were exposed, and 2-4 µl of fluorogold (Fluorochrome, 2% in water) was injected into the gastrocnemius using a Hamilton microsyringe (33 gauge needle). Injection sites were swabbed to remove any excess of tracer, and the wounds were sutured shut. Animals were allowed to survive 6-7 days before sacrifice and dissection of lumbar DRGs. In situ hybridization for Mrgprd was done on DRGs from all injections to check for potential leakage of fluorogold into the skin. Mrgprd is a marker for sensory neurons specifically innervating the skin epidermis. Only those tissues that exhibited less than 5% overlap with Mrgprd were used for further analysis. Quantitative analysis of expression was done on lumbar DRGs from at least three different injections.
Processing of cutaneous and deep tissues
Glabrous and hairy skin were dissected from the hindpaws of nonperfused mice, then immersion fixed overnight in Zamboni's fixative, cryoprotected in 20% sucrose, and frozen in OCT. Tissues were sectioned at 30 µm and processed as free-floating sections for immunohistochemistry (described below). Sections were counterstained with DAPI (Roche, 1 mg/ml) to identify the keratinocyte layers that compose the epidermis. Deep tissues were dissected from mice perfused with 4% PFA. The bladder and distal colon were post-fixed overnight, cryoprotected in 20% sucrose, frozen in OCT, and 20-µm transverse sections were cut for direct visualization of the Tomato reporter or processed for immunohistochemistry. The gastrocnemius muscles were post-fixed for 4 hours, cryoprotected in 30% sucrose, frozen in OCT, and 20-µm longitudinal sections were used for direct visualization of the Tomato reporter.
Immunohistochemistry of cutaneous and deep tissues
Free-floating and slide-mounted sections were washed three times with PBT (PBS + 0.1% TX-100), then incubated overnight at 4°C with primary antibody diluted in blocking solution (PBT + 10% normal goat serum). We used 1:1000 rabbit anti-PGP9.5 (Ultraclone) and 1:1000 rabbit anti-GFP (Invitrogen). Sections were then washed three times with PBT and incubated for 1-2 hr at room temperature with goat anti-rabbit-Alexa 488 (Invitrogen). Sections were washed three times with PBT, and free-floating sections (mounted onto gelatin-coated slides) and slide-mounted sections were coverslipped with Fluoromount (Sigma). Z-stack images were obtained with either a Zeiss Axio Observer.Z1 epifluorescence microscope system or a Zeiss LSM 510 laser-scanning confocal microscope system.
Quantitation of innervation density
To quantitate the innervation density in the glabrous skin, a z-stack image of a PGP9.5/DAPI-stained section was taken. The thin glabrous skin (i.e. lacking dermal papillae) was chosen as the region of interest. Some PGP9.5 + fibers exhibited branching in the more superficial layers of the epidermis, so fibers were counted in the stratum basale and stratum spinosum. To account for stretching or compression of the tissue samples during processing, fiber numbers are represented as the number of PGP9.5 + fibers within a length of tissue spanning 100 DAPI + keratinocytes in the stratum basale (see Figure S5 ). Five images were counted from each animal, and three animals were counted from each genotype. Imaging and quantitation were done blind to the genotype.
To quantitate the innervation density in the bladder, a z-stack image of a bladder section was taken. Two methods were used for quantification. In the "line method," a line was drawn perpendicular to the serosal surface and through the part of the image containing the entire cross-section of the muscular layer in Adobe Photoshop (see Figure S5 ).
Fiber numbers are represented as the number of GFP + or Tomato + fibers that pass through this line. Three such lines distributed approximately equidistant from each other were drawn and the fibers passing through each line were counted for each image and averaged. The advantage of this method of quantification over counting the number of fibers within a field is that it is independent of the thickness of the bladder wall, which can vary from animal to animal. In the "grid method," a grid of 1200 squares was superimposed upon the image. The number of square units overlying fluorescently labeled fibers was counted and divided by the number of square units overlying bladder muscular tissue. The final value is represented as "nerve area/tissue area." Five images were counted from each animal, and three animals were counted from each genotype. Imaging and quantitation were done blind to the genotype.
To quantitate the innervation density in the colon and the gastrocnemius muscle, a zstack image of a colon field or a muscle field was taken. In Adobe Photoshop, a stereological grid was superimposed over the image such that the image was divided into 300 square units (see Figure S5) , similar to what was described previously (Tague et al., 2011) . The percentage of tissue square units overlying fluorescently labeled fibers was counted and represented as "nerve area/tissue area." For the colon, three images were counted from each animal, and three animals were counted from each genotype.
For the muscle, three images covering different areas of the section were counted for each section, five sections were counted for each animal, and three animals were counted from each genotype. Imaging and quantitation were done blind to the genotype.
Behavioral analyses
All behavior was done on 8-12-week-old male and female mice. Wild-type littermates were used for each experiment, with approximately the same ratio of males and females for each genotype.
To test muscle pain behavior, mice were first habituated to the rotarod. The habituation consisted of a limited "training" regime, in which the mice were placed on a rotarod at a constant low speed until the mice could remain on the rotarod for at least one minute without falling off. This was done for two consecutive days prior to the experiment and on the day of the experiment. We found that this habituation was necessary because some mice (both wildtypes and mutants) initially fell off immediately upon placement.
We were careful not to "overtrain" the mice as we found that training wildtypes at a higher speed or at an accelerating speed for too many sessions allowed them to outperform their littermates with less training.
On the day of the experiment, mice were first habituated, then placed on an accelerating rotarod. The time that they fell off was considered their naïve baseline time. The baseline was used to ensure that the mice did not have any preconditioned motor defects. All mice of the same strain had similar baseline values (see Figure S4 ). After baseline values were recorded, each mouse was injected with 100 µl isotonic saline (IS, 0.9% NaCl) into both gastrocnemius muscles, then immediately placed on an accelerating rotarod. The IS injection was used to control for any discomfort the animals experienced from the needle puncture and/or the physical presence of a 100-µl volume of liquid in the muscle. 30 minutes after IS injection, the same mice were injected with 100 µl hypertonic saline (HS, 5% NaCl) into both gastrocnemius muscles, then immediately placed on an accelerating rotarod. The times that the mice spent on the rotarod before falling off were recorded. The percentage decrease between IS and HS performance times was calculated for each animal. In pilot experiments, C57BL/6 mice were also tested on the rotarod 30 minutes after HS injection to ensure that the HS effect was acute. It should be noted that although wildtypes from the different strains all exhibited a decrease in rotarod performance after HS, the degree to which rotarod performance was affected varied from strain to strain. Thus, wild-type littermates were used in each experiment for relevant comparisons.
For the intracolonic capsaicin assay (Laird et al., 2001) , 50 µl of 0.1% capsaicin (Tocris, w/vol dissolved in 10% ethanol, 10% Tween 80, and 80% saline) was injected via the anus. The mouse was first habituated in a Plexiglass chamber for ten minutes. The mouse was then placed into a restrainer (Kent Scientific) head down. Petroleum jelly was applied in the perianal area to avoid contact of capsaicin with the surrounding skin.
A 4-cm long piece of thin Tygon tubing was sealed at one end by heat, and small holes were punctured around the tubing 0.5 cm from the sealed end. The other end of the tubing was positioned over an insulin needle containing the capsaicin. The capsaicin solution was then pushed through the tubing until 50 µl remained. The tubing was lubricated in sunflower seed oil, then inserted into the colon via the anus. The capsaicin solution was injected slowly and the tubing was left in the colon for one minute while the mouse remained in the head-down position to prevent leakage. The tubing was removed, and the mouse was transferred from the restrainer to the Plexiglass chamber.
Spontaneous behavior was videotaped and quantitated for 20 minutes. The amount of time spent licking the abdominal area, the area around the base of the tail, and the hindpaws and hindlimbs was recorded.
Statistics
Student's t-tests were performed to determine significance. p < 0.05 was considered significant.
Supplemental Figures
Figure S1 (D) Example of how bladder innervation was quantified, using the "grid method."
Because the innervation in wild-type bladder is denser than that of the colon or the gastrocnemius muscle, a grid of 1200 squares was superimposed upon the image to obtain higher resolution. As with the colon, the number of squares overlaying labeled fibers was divided by the total number of squares overlaying tissue.
(E) Quantification of bladder muscular layer using the "grid method." For the CKO, "WT" (Hippenmeyer et al., 2005) were kindly provided by Sylvia Arber.
Mrgprd GFP/+ mice (Zylka et al., 2005) were kindly provided by Mark Zylka. The
VGLUT3
Cre/+ mice were kindly provided by Bradford Lowell (Lou et al., 2013) . Prokr2
Cre mice were obtained from the GENSAT project via the mutant mouse regional resource centers (MMRRC at University of California, Davis). The ∆446 mice were kindly provided by Dr. Okuda at Kyoto Prefectural University of Medicine (Nishimura et al., 2004) .
Microarray analyses
Microarray analyses were performed using L4-L5 lumbar DRG from P60-P90 Runx1 
;Wnt1
Cre conditional knockout animals. Each sample was pooled from 6 animals, and two independent samples were generated for each genotype.
Dissected DRGs were immediately processed for RNA preparation using Trizol (Invitrogen, USA) followed by passing on PureLink columns (Qiagen, USA) and stored at -80ºC until the day of experiment. Hybridizations were performed with mouse Gene ST 1.0 arrays (Affymetrix, USA). Expression values were analyzed using dchip software
[http://www.hsph.harvard.edu/cli/complab/dchip/; (Li and Wong, 2001) ].
In situ hybridization, immunohistochemistry, and IB4 labeling of DRG tissue
For in situ hybridization, mice (P30 or older) were perfused with 4% PFA. Lumbar DRGs were dissected out, post-fixed 1-2 hours, cryoprotected in 20% sucrose, and embedded in OCT compound. Detailed protocols are available upon request. Briefly, 12-µm frozen sections were fixed in 4% PFA for 10 minutes, treated with 10 µg/ml proteinase K for 15 minutes, fixed again in 4% PFA for 15 minutes, and treated with TEA/0.25% acetic anhydride for 10 minutes. DIG-labeled RNA probes were diluted in hybridization buffer at a concentration of 1-2 µg/ml and applied to the slides. The slides were covered with coverslips and incubated in a hydrated chamber overnight at 64°C. The slides were washed once in 2X SSC, and 3 times in 0.2X SSC at 64°C. Anti-DIG-AP (Roche, 1:2000) was applied overnight at 4°C. After washing in TNT buffer (100 mM Tris, pH7.5, 150 mM NaCl, 0.05% Tween 20), slides were incubated in NBT/BCIP (Roche) for 2 hours to overnight at 30-37°C.
For in situ hybridization combined with TrkA immunohistochemistry, the sections were first washed 3 times in PBS + 0.1% TX-100 (PBT), stained with rabbit anti-TrkA (1:1000 in PBT + 1% BSA, kindly provided by Louis Reichardt) overnight at 4°C, washed 3 times in PBT, incubated in anti-rabbit Alexa-Fluor 488 (Invitrogen) for 1-2 hours, and washed 3 times in PBT. Epifluorescent images were taken of each section with a Zeiss Axio
Oberserver.Z1 before proceeding to the in situ hybridization procedure described above.
All immunostaining was done under RNase-free conditions.
For in situ hybridization combined with CGRP immunohistochemistry, the same procedure was followed as described in the in situ hybridization protocol, except that during the pre-treatment, the proteinase K treatment was reduced to 2 µg/ml for 5 minutes. Rabbit anti-CGRP (Peninsula Labs, 1:500) was added during the incubation with anti-DIG-AP. Before incubation with NBT/BCIP, slides were incubated with goat anti-rabbit Alexa-Fluor 488 (Invitrogen, 1:200) for 2 hours, then washed and coverslipped with TNT buffer. Epifluorescent images were taken of each section with a Zeiss Axio Oberserver.Z1. Coverslips were washed off, and NBT/BCIP substrate was added as described above. Brightfield images of the in situ hybridization were taken with the same microscope and merged using Adobe Photoshop.
For in situ hybridization combined with IB4 labeling, the same procedure was followed as for in situ hybridization alone, except that after the incubation with anti-DIG-AP, the slides were incubated with IB4-Alexa Fluor 488 (Invitrogen, 50 µg/ml) for 1 hour, then washed and coverslipped in TNT buffer. Epifluorescent images were taken of each section. Coverslips were washed off, and NBT/BCIP substrate was added as described above. Brightfield images of the in situ hybridization were taken with the same microscope and merged using Adobe Photoshop.
For in situ hybridization of tissues from GFP and Tomato reporter mice, and of tissues from mice retrogradely labeled with Fluorogold (FG) or CTB-488, the same procedure was followed as described above, except that before pre-treatment, epifluorescent images were taken first under RNase-free conditions. In situ hybridization was then performed as described above.
Unless otherwise stated, quantitative analysis of expression was done on lumbar and sacral DRGs from at least three different animals or in the case of retrograde labeling, from at least three different injections.
Retrograde labeling
All retrograde labeling procedures were done on 6-12-week-old C57BL/6 mice.
Processing of cutaneous and deep tissues
Glabrous and hairy skin were dissected from the hindpaws of nonperfused mice, then immersion fixed overnight in Zamboni's fixative, cryoprotected in 20% sucrose, and frozen in OCT. Tissues were sectioned at 30 µm and processed as free-floating sections for immunohistochemistry (described below). Sections were counterstained with DAPI (Roche, 1 mg/ml) to identify the keratinocyte layers that compose the epidermis. Deep tissues were dissected from mice perfused with 4% PFA. The bladder and distal colon were post-fixed overnight, cryoprotected in 20% sucrose, frozen in OCT, and 20-µm transverse sections were cut for direct visualization of the Tomato reporter or processed for immunohistochemistry. The gastrocnemius muscles were post-fixed for 4
hours, cryoprotected in 30% sucrose, frozen in OCT, and 20-µm longitudinal sections were used for direct visualization of the Tomato reporter.
Immunohistochemistry of cutaneous and deep tissues
Free-floating and slide-mounted sections were washed three times with PBT (PBS + 0.1% TX-100), then incubated overnight at 4°C with primary antibody diluted in blocking solution (PBT + 10% normal goat serum). We used 1:1000 rabbit anti-PGP9.5
(Ultraclone) and 1:1000 rabbit anti-GFP (Invitrogen). Sections were then washed three times with PBT and incubated for 1-2 hr at room temperature with goat anti-rabbit-Alexa 488 (Invitrogen). Sections were washed three times with PBT, and free-floating sections (mounted onto gelatin-coated slides) and slide-mounted sections were coverslipped with Fluoromount (Sigma). Z-stack images were obtained with either a Zeiss Axio
Observer.Z1 epifluorescence microscope system or a Zeiss LSM 510 laser-scanning confocal microscope system.
Quantitation of innervation density
Behavioral analyses
A 4-cm long piece of thin Tygon tubing was sealed at one end by heat, and small holes were punctured around the tubing 0.5 cm from the sealed end. The other end of the tubing was positioned over an insulin needle containing the capsaicin. The capsaicin solution was then pushed through the tubing until 50 µl remained. The tubing was (D) Example of how bladder innervation was quantified, using the "grid method."
(E) Quantification of bladder muscular layer using the "grid method." For the CKO, "WT" genes, such as Mrgprd, Mrgpra3, P2X3, TRPC3, and Nav1.9, suggesting the high fidelity of this microarray data set. Table S2 . Runx1-suppressed genes identified by microarray analysis that exhibit increased levels in Runx1 CKO DRGs compared to WT littermate controls. Genes are sorted by fold increase in the CKO.
